Since their discovery by Iijima in 1991 [1] , carbon nanotubes have sparked unwavering interest among researchers all over the world. This is due to the unique properties of carbon nanotubes (CNTs). Carbon nanotubes have excellent mechanical and electrical properties with high chemical and thermal stability. In addition, carbon nanotubes have a very large surface area and are hollow inside. This gives a very broad spectrum of nanotube applications, such as in combination with polymers as polymer composites in the automotive, aerospace or textile industries. At present, many methods of nanotube synthesis are known [2] [3] [4] [5] [6] . It is also possible to use carbon nanotubes in biomedical applications [7] [8] [9] [10] [11] [12] [13] [14] , including the destruction of cancer cells using iron-filled carbon nanotubes in the hyperthermia process. Computer modelling results of FeCNTs induction heating process are presented in the paper. As an object used for computer model creation, Fe-CNTs were synthesized by the authors using CCVD technique.
Introduction
Carbon nanotubes were discovered by Ijima in 1991. Since that discovery many researchers all over the world have performed experiments concerning CNTs usage. The reason of unwavering interest among scientists is caused by unique properties of carbon nanotubes -electrical [15] , mechanical [16] , high temperature stability [17] and chemical resistance. Consequently, there is a very wide spectrum of possible CNT applications -e.g. consumer electronics, textile industry, or even as a filler in polymer composites [18] and a variety of material in industrial and medical applications.
Among others, the biomedical application is one of the most important. Due to the large specific surface of CNTs and hollow interior, carbon nanotubes can be used as precise addressed drug carriers (with proper proteinligands attached). Addressing due to functional groups attached to surface and ferromagnetic material filling gives unique "nanocontainers" -Fe-CNTs capable of selective tumor cell destruction. This process is realized with the use of an electromagnetic field, causing energy (heat) generation by Fe-CNTs. This process ends with the necrosis of cancer cells. Usage of Fe-CNTs with proper protein-ligands is selective and safe for patient, which is in stark contrast to current antitumor agents used in cancer treatment. In the presented paper, computer 3-D models of Fe-CNTs used in hyperthermal destruction of tumor cell process are described.
Fe -CNTs synthesis and material propperties
The use of carbon nanotubes is conditioned by the development of an efficient synthesis process capable of producing a material with specific, desirable properties. In this work, Fe-CNTs are obtained as a result of synthesis process, in which catalytic-chemical CCVD vapour deposition with continuous catalyst solution delivery was used. In the literature, this process is described as a liquid source chemical vapour deposition [19] . In the case of FeCNTs, the choice of possible catalysts is limited to metalorganic compounds of general formula (Me-(C 5 H 5 ) 2 ), where Me is a transition metal. Cytotoxicity of the obtained material is a matter of a great importance, and this is the reason of ferrocene (Fe(C 5 H 5 ) 2 ) usage. The choice of the method is dictated by the ability to control the synthesis parameters: catalyst solution feed rate, process temperature and carrier gas flow. The Fe-CNTs growth process temperature was 1070K, and the catalyst solution evaporation temperature was 570K. A carrier gas Ar/H 2 , 500 to 80 SLPM (standard liter per minute, 1 SLPM = 1.68875 Pa·m 3 /s) mixture was used. Catalyst (10% by weight solution) was used with feed rate of 8 ccm per hour. Fe-CNTs obtained in synthesis process, grow in the form of a "carpet", perpendicularly to the base (Figure 1 ). Carbon nanotubes, visible in Figure 1 , had been used to create computer models and numerical calculations presented in the paper. The placement and the amount of ferromagnetic material, encapsulated inside Fe-CNTs, was examined using TEM and TGA techniques (see Figures 1 and 2 , respectively). Thermograph visible in Figure 3 , gives some information about both the CNTs type and chemical composition.
One can see a maximum differential curve (the blue one at a temperature close to 620 ∘ C). That is the decomposition temperature typical for multiwalled carbon nanotubes. For experiments described in this paper, the residue value is very important. This provides information about ferromagnetic filler content.
Induction heating process
Radio frequencies could be defined as electromagnetic field characterized by a frequency fitting with the range of 3 kHz to 300 GHz [20] . One of the greatest advantages of this kind of radiation is, that it is a widely examined interaction with human tissues. Multiple scientific papers report lack of any negative side-effect of this type of treatment [21, 22] . Moreover, deep tissue penetration becomes reachable in contrary to the NIR radiation [23] . An assembly on the above mentioned features results in a vast variety of biomedical applications. In order to achieve the assumed treatment effectiveness the temperature of diseased tissue should be elevated to the level of 43-48 ∘ C [24] .
The research in the field of RF induced heating is conducted at frequencies of 266 and 231 kHz. Different field intensities were applied with the aim of recognising dependency between particle size, relaxation time, specific absorption rate and amplitude of magnetic field. During our experiments Fe-CNTs the heating tests on variable frequency of electromagnetic field were performed (110 kHz, 165.8 kHz, 329 kHz, 465.6 kHz, 620.9 kHz).
Computer models
The computer model of ferromagnetic filled carbon nanotubes was created using COMSOL package. It was made for the tablet that is filled with ferromagnetic carbon ferroalloy. The material is called polyvinylpyrrolidone (K 30).
Additionally, a 17 turn coil, which was wound around the tablet to excite the magnetic field. Because of the need to cool the system, the flow of liquid was modelled. This refers to principle of operation of the induction heating process. In the computer model, Ampere's Law was used:
− σv × B = Je where:
The current excitation is expressed by the equation:
and:
In the coupling of the electromagnetic model with the thermal model, the following calculations and equations were used:
where Qe is described as:
Qe=Q rh +Q ml (6)
In the computer model the following values were used:
1. I coil = 2.5 A (current of the coil); 2. f = 110 kHz, 165.8 kHz, 329 kHz, 465.6 kHz, 620.9 kHz (different frequency settings).
Material properties for thermal and electromagnetic analysis are presented in Table 1 . The axial-symmetrical condition (on the longitudinal axis r from Figure 4a ) and on the edges of the model (around) for electromagnetic analysis was set:
The heat equation accepts two basic types of boundary conditions: specified temperature:
and specified inward heat flux:
The finite element mesh was concentrated around the tablet (circle) to obtain better results of temperature distributions. Figure 5 represents the magnetic field distribution in three dimensional model of induction heating system. The next figures (Figure 6a and b) show the temperature distribution around the tablet before heating (t = 0s) and after two minutes (t = 120s). Figure 7 presents the temperature vs. time plot depending on the distance of the measuring point related to the tablet.
Results

Conclusions
It is clear that interdisciplinary approaches must be taken first of all in these models. Lack of such an approach results in limitation of many real physical phenomena. Presented models allow to solve many practical problems in thermal and electromagnetic analysis of ferromagnetic nanotubes. The results show that there is a possibility of effectively heating nanotubes with a ferromagnetic filler. In the next stage numerical results versus experimental measurements will be compared.
